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Abstract: Thin film lubrication (TFL), a lubrication regime that fills the gap between boundary lubrication (BL) 
and elastohydrodynamic lubrication (EHL) regimes, was proposed 20 years ago. Since it was first recorded in 
the literature, TFL has gained substantial interest and has been advanced in the fields of theoretical and 
experimental research. Following the revelation of the TFL phenomenon and its central ideas, many studies 
have been conducted. This paper attempts to systematically review the major developments in terms of both 
the history and the advances in TFL. It begins with the description and definition of TFL, followed by the 
state-of-art studies on experimental technologies and their applications. Future prospects of relevant studies 
and applications are also discussed. 
 




1  Introduction 
Numerous attempts have been made and documented 
to illuminate the lubrication mechanism, such as the 
revelation of the elastohydrodynamic lubrication (EHL) 
regime [1, 2] and boundary lubrication (BL) regime [3]. 
In the EHL regime, the film thickness is dominated 
by elastohydrodynamic factors, i.e., the rolling speed, 
contact pressure, viscosity of lubricant etc., while in 
the BL regime, the properties of the lubricant films 
are dominated by chemical action between substrate 
surfaces and lubricant molecules. Since its discovery 
in 1994, thin film lubrication (TFL) [4, 5] has generated 
a lot of interest in both theoretical and experimental 
areas due to the unprecedented significance of bridging 
the gap between the EHL and BL regimes. The 
lubrication state in TFL regime has been indicated  
to be related to both physical factors and chemical 
factors of solid surfaces and molecules of liquid 
lubricants [4, 5].  
In the past several decades, insight into the nature 
of lubrication has emerged through understanding 
the behavior of the thin films between two rubbing 
surfaces. Interests of researchers have often focused 
on the main modes of lubrication in terms of fluidic 
and boundary processes. The basis of fluid lubrication 
can be traced back to 1886, as reported by Reynolds 
[6]. Elastohydrodynamic lubrication is considered to 
be of great significance in the history of lubrication, 
the concept of which was first proposed by Grubin in 
1949, followed by extensive and systematical studies 
since the 1950s by Dowson and Higginson (1959, 1966) 
[7], Cheng (1970) [8], Hamrock and Dowson (1981) [9], 
Zhu et al. [10, 11], and so on. Boundary lubrication, 
involving the wear-reducing lubricant layers adsorbed 
on the rubbing surfaces, was first proposed by Hardy 
in the 1920s [12]. Then, the model was successively 
improved upon by many tribologists, such as Bowdeon 
and Tabor [13], Adamson [14], Kingsbury [15], Cameron 
[16], and Israelachvili [17], suggesting that in boundary 
lubrication, the load is normally carried by the highly 
tenacious layers at the nanometer scale on the surface 
rather than the fluid film, which is more than tens of 
nanometers thick, as in the EHL regime. Thus, it was 
concluded that a gap exists between the EHL and 
boundary lubrication. 
A remarkable lubrication regime that solves the 
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transition from boundary lubrication to EHL has been 
revealed, termed thin film lubrication (TFL) [4, 5], which 
has been systematically investigated since the 1990s by 
a number of researchers, such as Johnston et al. [18], Luo 
et al. [19−22], Tichy [23, 24], Hartal et al. [25], Matsuoka 
and Kato [26], Gao and Spikes [27] and so on. Luo and 
Yian [28] suggested a gap-bridging model by describing 
the interlaced change of qualitative lubrication and 
quantitative parameters in 1989, which can be considered 
to be the embryo of the thin film lubrication model. 
The super thin film lubrication was proposed and 
developed by Spikes et al. [18], and it described   
the situation with lubricating films less than 15 nm. 
Gupta et al. [29] succeeded with revealing the 
microscopic behavior of lubricant films ranging from 
1 to 10 nm by examining various contributions to the 
disjoining pressure. Both the van der Waals force and 
the structural force resulting from the molecular 
orientation and packing have been emphasized. In 
1994, the physical model of thin film lubrication (TFL) 
was respectively proposed by Luo and Wen [4, 5], 
indicating that the combined effect of molecules 
attached on surfaces and in the thin lubricating film 
resulted in a distinct lubrication performance. From 
that time forth, growing interest has been stimulated 
to reveal the origins and characteristics of thin film 
lubrication models, bringing numerous advances to 
both experimental [23, 24, 30, 31] and theoretical studies, 
as Hu et al. [33−35] reported. 
2 Definition of thin film lubrication and 
lubrication map 
2.1 Definition of thin film lubrication 
The distinctive properties of thin film lubrication were 
calling for an accurate definition of this independent 
lubrication regime. The TFL model, shown in Fig. 1,  
which was proposed by Luo et al. [4, 5] indicates that 
in the thin film lubrication regime, while the gap  
size is in the range of several nanometers to tens of 
nanometers, the lubricant film will be dominated by 
molecular behavior in different micro/nano regions, 
substantially involving three layers, i.e., the adsorbed 
layer indicated to be a monomolecular layer where 
molecules absorbed and packed on the solid surface, 
the dynamic fluid layer, which is in the center of the 
gap, and the ordered layer, which is between the 
absorbed layer and the fluid layer, coming into being 
during the shear process as the transition region. 
Lubrication in such a layer can be defined as thin 
film lubrication (TFL) [4, 5, 19, 20], where the film 
thickness remains dependent on surface speed but 
the dependence deviates from the prediction of classical 
theory of EHL. The variation of the thickness ratio of 
these three kinds of layers will dominate the transition 
of lubrication regimes between the two solid surfaces. 
If the solid surfaces are far apart from each other, the 
fluid layer will become thick enough and the tribo- 
pair will act under hydrodynamic effects in terms of 
speed, pressure, and lubricant viscosity, but remain 
highly fluid in the EHL regime. If the two solid surfaces 
are so close to each other, i.e., the lubricant film becomes 
very thin or few nanometers thick with regard to the 
absorbed layer, the molecules are well ordered and 
firmly attached on the solid surfaces, resulting in a 
solid-like layer. Thus, a boundary lubrication regime 
will appear and it will be independent of the lubricant 
viscosity, speed, and so on. If the gap between two 
solid surfaces is a few of nanometers to tens of nano-
meters, the presence of a surface force induces the 
formation of not only the absorbed film, but also the 
ordered film, in which the molecules are not as 
ordered as the absorbed layer. The film thickness and 
tribological properties in the TFL regime are different 
from those in both the EHL and boundary lubrication 
 
Fig. 1 Basic model of TFL [4, 5]. Copyright 1996, Elsevier. 
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regimes, and they are affected by a number of factors, 
such as the hydrodynamic effect, the molecular size, 
and the molecular polarization. The lubrication in the 
TFL regime has been regarded as the transition between 
the EHL and boundary lubrication, finely filling an 
unknown gap. 
2.2 Lubrication map 
It has been recognized that the lubrication between 
solid surfaces will be dominated by different regimes 
under different conditions, mainly involving hydro-
dynamic lubrication (HDL), elastohydrodynamic 
lubrication (EHL), thin film lubrication (TFL), and 
boundary lubrication (BL).The lubrication map shown 
in Fig. 2 [36] is obtained by using the ratio h/Ra (or 
h/σ) to describe the lubrication regime, where h is   
the lubricating film thickness and Ra (or σ) is the 
combined surface roughness of the two surfaces.  
 
Fig. 2 Lubrication map defined by using only h/Ra (or h/σ) [36]. 
Copyright 2013, John Wiley and Sons. 
Unfortunately, such a method cannot be used to 
describe the lubrication regime when the solid surfaces 
are quite smooth. According to the Hardy boundary 
lubrication model shown in Fig. 1, supposing that  
Ra is 0.1 nm, the lubricating film thickness is 5 nm, 
consisting of only two layers of molecules in between 
the two surfaces, a ratio h/Ra of 50 can be obtained. 
Based on the lubrication map in Fig. 2, the lubrication 
regime should be assigned to hydrodynamic lubrication, 
instead of boundary lubrication. 
A lubrication map is required to precisely describe 
and distinguish among different regimes in the contact 
area. An effective and comprehensive method has 
been proposed by Luo and Wen [37, 38] to facilitate 
such distinction by using the ratios h/Ra and h/Rg 
together [38], where h is the lubricating film thickness, 
Ra is the combined surface roughness of the two 
surfaces in relative motion, and Rg is the effective radius 
of the lubricant molecules. This method involves not 
only the film thickness and surface roughness but also 
the molecular size, and it significantly enables the 
establishment of a precise and full map of lubrication, 
as shown in Fig. 3 [4].  
With regard to both flat and rough contacted surfaces, 
when the ratio h/Ra is larger than 3, the dominant 
regime is boundary lubrication, when h/Rg is smaller 
than 3, while the dominant regime is EHL or HDL 
when the ratio h/Rg is higher than 15, and in between 
is the TFL regime. The mixed lubrication regime (ML) 
is supposed to exist when the ratio h/Ra is less than 3, 
but different types vary with different h/Rg, as shown 
in Fig. 3. In the process of lubrication, all the factors, 
such as the pressure, rolling speed, and the chemical 
properties of molecules in lubrication film, will affect 
the two ratios h/Ra and h/Rg, and thus result in the 
transition between different lubrication regimes. 
 
Fig. 3 Lubrication map proposed by Luo et al. [4]. 
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Transitions between different lubrication regimes 
at the molecular level have been studied by both 
experimental and theoretical methods. The transition 
from ultra-thin lubrication to dry friction has been 
studied by Savio et al. [39] using molecular dynamics 
simulations. Hu et al. [40] studied how the film 
thickness response to the speed in the transition region 
between EHL and boundary lubrication. Those studies 
have strongly corroborated the assertion that the 
lubrication regime will be dominated by molecular 
behaviors when the lubricating film is relatively thin.  
3 Experimental techniques and facilities 
for the study of TFL 
The defining techniques allowing the study of TFL 
properties allow for the efficient detection of extremely 
thin lubrication films in a contact area, which have 
benefited from the development of modern technologies. 
In the past several decades, the prosperous nano 
science and technology has successfully enabled the 
exploration of the underlying basics and mechanism 
of lubrication [41, 42]. Furthermore, the study of 
properties and mechanism at the molecular level of 
thin film lubrication has been significantly promoted. 
3.1 Methods based on the measurement of surface 
force: Surface force apparatus 
The surface force apparatus/balance (SFA/SFB), which 
was developed based on the technique of equal 
chromatic order (FECO) with nN force measurement 
resolution and sub nanometer gap size measurement 
resolution [43, 44], has been recognized to be highly 
efficient in precisely detecting both the acting force 
and separation between surfaces in relative motion. 
Since the introduction of SFA about four decades ago, 
many significant discoveries have been made [45−48]. 
With regard to the thin film lubrication, the ordered 
structure of molecules has been detected by using 
SFA/SFB between confined atomically smooth mica 
surfaces, as reported by Israelachvili et al. [43, 44], 
Klein [49, 50] and Granick et al. [51]. Surface forces are 
finally determined as a function of the separation of 
two back-silvered atomically smooth mica surfaces in 
crossed-cylinder geometry, as shown in Fig. 4 [49, 52]. 
Interference fringes can be obtained between the two  
 
Fig. 4 Sketch of surface force balance developed by Klein et al. 
[49]. Copyright 1995, the American Association for the Advancement 
of Science. 
sliver mirrors, with white light going through an 
optical multilayer. When the two surfaces across the 
lubrication media are brought into proximity, the  
tiny variation of the gap size can be obtained from 
interference fringes, resulting in a derivation of the 
interaction force between the two surfaces. 
3.2 Methods based on precision measurement of 
film thickness: Improved optical interference 
techniques 
As the mechanism of lubrication has been explored 
during the past several decades, film thickness mea-
surement has occupied an important role. The most 
effective techniques for measuring the film thickness 
during the lubrication process have been recognized 
to be the ones developed based on the optical 
interference technique. The first application of an 
optical interference technique in a lubrication area 
can be traced back to 1966 [53], when the first graph 
of horseshoe constriction in EHL was constructed by 
Cameron and Gohar [53], with ball-on-disc geometry. 
Subsequently, based on this first application, the film 
thickness measurements were achieved by efforts 
made to improve the quality of the interference fringes 
284 Friction 4(4): 280–302 (2016) 
 
[54, 55], while the idea of semi-reflective metallic layer 
yielded. However, the resolution of the film thickness 
measurement, strictly limited by diffraction limitation, 
could not be brought down to less than 100 nm. 
To break through the bottleneck, several improved 
techniques have been proposed during the past thirty 
years. These improvements have mainly focused on 
three approaches developed by tribologists from three 
groups. In 1988, the spacer layer interferometry was 
developed and proposed by Guanteng and Spikes 
[56], while a relative thick silica spacer layer was 
introduced to break through the resolution limitation, 
as shown in Fig. 5(a). The techniques of spacer layer 
interferometry and the improved one (by tracing the 
brightest interference fringe at varied wavelength 
taking advantages of a spectrometer) effectively enable 
the study of boundary and very thin film hydrodynamic 
lubrication [57−60]. Furthermore, the relative optical 
interference intensity (ROII) method was first proposed 
by Luo et al. in 1994 [4, 5], based on the subdivision 
of the interference image by the interference light 
intensity, as shown in Fig. 5(b). The technique of ROII 
has been proved to be able to provide a relatively high 
resolution of around 0.5 nm [4, 5]. The phenomenon 
of thin film lubrication was found based on the 
development of ROII technique, followed by the later 
improvement of this approach by Ma and Zhang [61].  
 
Fig. 5 Sketch of improved optical interference techniques;    
(a) space layer technique proposed by Guanteng and Spikes [60]. 
Copyright 2003, Plenum Publishing Corporation; (b) ROII technique 
proposed by Luo et al. [61]. Copyright 2009 Springer Science+ 
Business Media, LLC. 
The ROII technique has allowed study of the basic 
properties of thin film lubrication, as well as the failure 
condition [62]. Based on the idea of division of the 
interference intensity, Guo and Wong [63, 64] developed 
the multiple-beam interference approach to measure 
the ultra-thin film thickness with a resolution of  
1 nm. In 1997, the colorimetric interferometry in EHL 
lubrication applications was developed by Hartl and 
his coworkers [65], combining conventional chromatic 
interferometry with differential colorimetry. The 
colorimetric interferometry technique, with a resolution 
of around 1 nm, was reported to successfully capture 
the instantaneous EHD film thickness [66]. 
3.3 Methods based on the in-situ detection of 
lubricant molecules: Molecular spectroscopy 
Modern insight into the nature of lubrication has 
emerged through understanding the molecular 
behaviors in nano-lubrication films, especially when 
the lubrication is in the boundary or thin film lubrication 
regime, where the molecular structure will play an 
important role on the lubrication performances. 
Molecular spectroscopy, including Raman spectroscopy, 
infrared spectroscopy and so on, is recognized to be 
quite efficient in achieving the in situ detection of 
lubricant molecular structures. The facilities constructed 
by introducing spectroscopy in the tribosystems have 
been demonstrated to be powerful enough to detect 
the ordering and orientation of lubricant molecules 
and the change in chemical bonds during the shearing 
process [52].  
Using infrared spectra, Cann and Spikes [67, 68] 
have explored the chemical reaction and composition 
of lubricants during sliding, as shown in Fig. 6. By 
using such methods, lubricant structuring close to 
the metal surface has been found in thin lubrication 
films less than 100 nm [67]. Photoluminescence and 
absorption dichroism spectra were introduced into the 
surface force apparatus by Granick and his coworkers 
[69], enabling the quantification of the polymer chain 
alignment in confinement. The combination of X-ray 
diffraction and surface force apparatus were established 
by Golan et al. [70], providing the information in terms 
of shear-induced molecular orientation and structures 
nearby solid surfaces. Similar achievements on the 
detection of molecular orientation under shear effect  
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Fig. 6 Sketch for in-contact IR spectroscopy by Cann and 
Spikes [68]. Copyright 2005, Springer Science+Business Media, 
Inc. 
have been made by Bae et al., using fluorescence 
spectra [71]. Raman spectroscopy is popular not only 
in chemistry, but also in tribology. Attempts have been 
made by several groups to introduce Raman spectra 
to the tribometer and SFA. Representatively, Bae et al. 
[72, 73] reported heterogeneous surface-induced struc-
tures of polydimethylsiloxane chains by combining 
Raman spectra with SFA. Furthermore, by introducing 
the polarization Raman spectra to the tribometer 
system, as shown in Fig. 7(a), Luo’s group [74, 75]  
has successfully detected the molecular structure of 
both polar and nonpolar lubricant molecules in nano 
lubrication films, as shown in Fig. 7(b). 
With regard to the thin film lubrication, the molecules 
in different layers are completely different. It is assumed 
that the molecules on the solid surfaces are structured 
and oriented, which calls for new techniques with 
better sensitivity to distinguish the molecules at solid/ 
liquid interfaces and in the bulk. Sum frequency 
generation spectroscopy [76, 77], which has the 
advantage of only probing the very few molecules at 
interfaces, is one such techniques. Another technique 
is the surface enhanced Raman spectroscopy (SERS), 
which has been successfully used to investigate the 
molecules absorbed on the solid surfaces under both 
the effects of surface force and shear force by Gao et al. 
[78]. While using the SERS approach in lubrication 
systems, textured silver surfaces with nano structures 
were used as the contacted surfaces, resulting in a 
significant enhancement of the Raman signal, which 
was up to 103−104 larger than the one on normal 
surfaces [78, 79], as shown in Fig. 8. These techniques 
will be very promising in revealing the lubrication 
mechanism at the molecular level and in future 
tribological studies. 
4 Basic properties of TFL and main 
influencing factors 
4.1 Effect of rolling speed on TFL 
Similar to the situation in the EHL regime, film 
thickness has been found to be closely related to   
the speed of two surfaces in relative motion in the 
Fig. 7 (a) Schematic diagram of the in-situ experimental apparatus in Luo’s group [74]. (b) The orientated liquid crystal molecules
between two rubbing surfaces reported by Zhang et al. [74]. Copyright 2014, AIP Publishing LLC. 
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TFL regime, as shown in Fig. 9 [4, 22]. However, the 
difference is that normally there is a critical point at 
the film formation curve in thin film lubrication regime, 
especially for the lubricant molecules with polar ends. 
The slope of the film formation curve changes obviously, 
indicating the significant transition from EHL to TFL 
[4, 22] during the variation of speed. It has been 
commonly recognized that the film formation in the 
EHL regime can be predicted by the Hamrock-Dowson 
equation [80], which exhibits a linear relationship 
with a slope of 0.67 between film thickness and the 
speed in dual-logarithm coordinates. However, film 
formation in the TFL regime is affected by the 
molecular interaction, which induces variation of the 
slope of film thickness dependence even in dual- 
logarithmical coordinate. Luo et al. [4, 22] defined the 
slope of film thickness versus speed in dual-   
 
Fig. 8 Surface enhanced Raman technique by using silver 
substrates with nano structure reported by Gao et al. [78]. Copyright 
2014, Royal Society of Chemistry. 
 
Fig. 9 Effect of viscosity on film formation performances of 
polyplycol oil (Pressure: 0.184 GPa, Temperature: 28 °C), reported 
by Luo et al. [4]. 
logarithmical coordinates as the speed index ϕ [4, 22], 
according to: 
h ku                    (1) 
where h is the central film thickness, u is the rolling 
speed, ϕ is the defined speed index, and k is a 
constant relating to the lubricating conditions. They 
demonstrated a much low index value for the film 
thickness variation with speed in dual-logarithmical 
coordinate, while exploring the film formation 
characteristics of white oil 13604 trapped between a 
glass disc and a steel ball. In Fig. 9, as to the total film 
thickness involving both the static film (which results 
from the absorption of liquid molecules on the solid 
surfaces) and the dynamic film (which comes into 
being under a certain dynamic speeds), a speed index 
of 0.45 is obtained when the film thickness is above 
the critical point, which is still lower than that in EHL 
regime. Meanwhile, with regard to the dynamic fluid 
film, the speed index is found to be close to the one 
in the EHL regime. Thus, the existence of absorbed 
molecular layers on the solid surfaces, resulting in 
the static film, can be confirmed. The effect of the 
structured and absorbed layers on the solid surfaces 
will not totally emerge when the lubrication film is 
thick. Interestingly, the existence of the ordered film 
has been also concluded from the critical point of 
dynamic film [4, 5, 22]. 
Other kinds of lubricants have been utilized to 
explain the film thickness response to the speed in 
the TFL regime, such as octamethylcyclotetrasiloxane 
(OMCTS) [31] and polymers (f-PAMA and OCP) [81], 
by different researchers. The deviation from linearity 
of the EHL prediction at low speed has been observed 
in double logarithmic coordinates in most cases.  
It is of great significance to explore the film forming 
properties under extremely high speeds; unfortunately, 
this has been limited by the instrumentation in the 
past several decades. During the past few years, 
Luo’s group has been working on studying the TFL 
properties under a rolling speed up to more than 
40 m/s. Liang et al.’s work [82, 83] indicates that the 
film forming condition may transit into thin film 
lubrication (TFL) at extremely high speeds when it is 
under parched starvation, as shown in Fig. 10. The 
film thickness data were acquired on a self-designed  
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Fig. 10 Film formations of fully flooded and starved conditions 
at speed up to 30 m/s, measured by Liang et al. [82]. Copyright 
2015, Elsevier Ltd.  
ball on disc test rig up to 40 m/s via the technique of 
relative optical interference intensity. The measured 
results show that the critical film thickness where the 
lubricant film collapses reduced. It is indicated that 
the high speed flow has the ability to drive lubricant 
molecules to rearrange themselves in the TFL and 
critical film thickness higher than 100 nm is achieved 
as the viscosity decreases. The film thickness of oil 
with higher viscosity decreases with speed or time 
more slowly and maintains a thicker film thickness, 
which is the opposite trend of EHL lubrication. 
Thin film lubrication at high speeds shows some 
distinct features compared with the classical TFL 
behavior at lower speeds [82, 83]. First of all, it is 
under parched starvation. Only in such condition, the 
film thickness will decrease to thin film lubrication 
regime, as the film thickness under fully flooded 
lubrication at high speeds can achieve hundreds of 
nanometers. Secondly, the critical film thickness of 
TFL at high speeds is much higher than the typical 
ones at lower speeds. The thick film under TFL helps 
to ensure a stable lubrication for quite a long time 
before the failure. 
4.2 TFL at high applied load 
Lubrication properties and mechanism have been 
extensively discussed at low and moderate applied 
loads. In practical applications, high contact pressures 
of up to 3 GPa or higher always lead to the failure  
of whole tribo-system. Although this phenomenon 
has attracted interest, its study has been limited by 
technology and instrumentation. 
Zhu [84, 85] presented a big deviation of the film 
formation from the classic Hamrock-Dowson theory 
by conducting numerical studies. Krupka et al. [86] 
demonstrated the thin film lubrication properties of 
hexadecane trapped between a tungsten carbide ball 
and a sapphire disk at a high pressure up to 3 GPa. 
Similar deviation from Hamrock-Dowson prediction 
was also observed, as shown in Fig. 11. Xiao et al. 
[87, 88] successfully conducted experiments on the 
thin film lubrication properties of oils by pressing a 
steel ball against a sapphire disc. It was found that 
oils (silicone oil and poly alpha olefins) with different 
viscosities exhibit different performances on film 
formation at high pressures. In terms of poly alpha 
olefins (PAO), the speed index is reduced gradually 
with increasing viscosity at both high and low speeds 
[88] as shown in Fig. 12(a). For silicone oils, the speed 
index is found not to be sensitive to the viscosity,   
as there is only slight reduction at low speed [87, 88], 
as shown in Fig. 12(b). Xiao et al. attributed such 
phenomenon to the fluidities and the molecular 
structures of the lubricants [87]. The compressibility 
of the lubricants has been indicated to be responsible 
for the film formation performance at high pressure.  
Ionic liquids in high confinement were also inves-
tigated by Xiao et al. [89], because of their unique 
properties. The longer length of the alkyl side chain 
 
Fig. 11 Film thickness values of hexadecane obtained at maximum 
Hertz pressure of 2.942 GPa reported by Krupka et al. [86]. 
Copyright 2006, Elsevier Ltd.  
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of the ionic liquid results in lubrication films that  
are thicker than those of silicone oils with similar 
viscosity, as shown in Fig. 13. It suggests that ionic 
liquids could be excellent lubricants at high pressure, 
due to the effective aggregation of molecules in the 
contact area.  
4.3 Effect of molecular polarity on TFL 
The central idea of TFL theory is the surface-and 
friction- induced molecular ordering and packing. 
Zhang et al. [74, 90] found that the degree of order of 
molecules in nano lubricating film is significantly 
affected by the polarity of the lubricant molecules. To 
measure both the film thickness and the molecular 
structures simultaneously, an in-situ system was  
developed by combing the interferometer and Raman 
spectra technique. Liquid crystal 5CB was used as the 
lubricant with polar molecules, while hexadecane was 
used as the nonpolar lubricant. The 5CB molecules 
are found to be isotropic and vertical to the solid 
surface in the static film in the contact region, while 
n-hexadecane molecules are found to exhibit a more 
extended chain structure between static contacted 
surfaces compared to molecules in bulk. It should be 
noted that the results obtained during the lubricating 
process will be of great significance. The orientation 
of 5CB molecules varies with the speed and film 
thickness [74, 90]. When the lubrication regime    
is transferred from TFL to EHL, the detected 5CB 
molecules change orientation, from perpendicular  
Fig. 12 Film formation of (a) PAO oil and (b) silicone oil obtained at high pressure of 3GPa by Xiao et al. [88]. 
Fig. 13 Film formations of ionic liquids and silicone oils at (a) pressure of 1 GPa, (b) 3 GPa measured by Xiao et al. [89]. Copyright 
2010, Springer Science+Business Media, LLC. 
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to the surface to parallel to the rolling direction, as  
a result of the shear effect. Thus, the molecular 
orientations of 5CB in different layers, i.e., absorbed 
layer, ordered layer and fluid layer, can be described 
in graphical models, as shown in Fig. 14 [90], taking 
advantage of the in-situ polarization Raman spectra.  
In contrast to polar molecules, hexadecane molecules 
in the lubrication gap are more disordered than those 
in the bulk of the liquids when the rolling speed    
is high. When the lubrication regime transitions form 
EHL to TFL regime, a shear-induced anisotropic 
structure can be finally formed [90] along the rolling 
direction.  
Furthermore, molecules of liquid crystal 5CB have 
also been investigated as additives in polar and 
nonpolar solvents [90]. Zhang and Luo suggested the 
molecular mode to describe the difference between 
polar and nonpolar solvents in TFL regime, as shown 
in Fig. 15 [90], based on the in-situ experimental results. 
As a result of the surface effect and the absorption 
process, nonpolar solvent molecules (hexadecane) are 
less distributed in the contact region compared to the 
polar solvent molecules (decanol). There is intensified 
competition between 5CB molecules and the solvent 
molecules, especially on the solid surfaces. The 
orientation along the rolling direction is found to still 
 
Fig. 14 Molecular models of liquid crystal 5CB (a) in static contact and (b) in TFL, proposed by Zhang et al. [90]. 
Fig. 15 Molecular structures of 5CB in (a) nonpolar solvent (hexadecane) and (b) polar solvent (decanol), proposed by Zhang and
Luo [90]. 
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exist in the ordered film in nonpolar solvents, but it 
disappears in polar solvents.  
4.5 Effect of slide ratio on TFL [38] 
The film formation of lubricants (white oil) was 
demonstrated to be independent of the slid ratio and 
dependent on the average speed of two surfaces in 
the TFL regime, as shown in Fig. 16 [4, 38], which is 
similar to the situation in the EHL regime. Based on 
experimental results, Luo et al. [4, 38]concluded that 
when the film thickness is higher than around 30 nm, 
the film thickness will be independent of the slide 
ratio, but dependent on the average speed of the two 
solid surfaces in relative motion, except for in a pure 
sliding condition, in which the film will collapse. 
4.6 Effect of solid surface energy on TFL [20] 
It is established that the surface tension and surface 
energy play important roles in wetting and absorp-
tion processes. Without a doubt, the molecules on 
surfaces will also be affected by the surface energy. 
This ubiquitous physical basis can contribute to the 
occurrence of interesting phenomena in tribology 
applications, especially with regard to thin film 
lubrication. As shown in Fig. 17, the effect of surface 
energy on film formation was investigated by Luo 
and Wen [4, 19, 20] by conducting experiments on 
different solid surfaces with different surface energies. 
Furthermore, the deposition approach (ion beam 
assisted deposition) was used to access different 
coatings on steel balls. In Fig. 17 [4, 20], the film 
thickness of mineral oil on different kinds of coatings 
is measured. Please check The surface energy values 
of the Fe coating and Cr coating are similar to each 
other, resulting in a similar film thickness for mineral 
oil in the TFL regime. The surface energy of the Al 
coating is the lowest among the four kinds of materials, 
resulting in the lowest film thickness for mineral oil. 
While looking at the film thickness-duration curve, 
as shown in Fig. 18 [4, 20], the increment of film 
thickness of mineral oil on the Fe coating was found 
to be about 15 nm, i.e., from 15 nm to about 30 nm, in 
60 min duration, which is obviously larger than that 
of 10 nm, i.e., from 5 nm to about 15 nm, on the Al 
coating. Furthermore, the static films after rolling  
for 60 min also exhibited an increased thickness on  
 
Fig. 16 Effect of slide ratio on the film thickness of white oil 
+5% nonionic acid, at a temperature of 20 °C and load of 2 N, 
reported by Luo et al. [4, 38]. 
 
Fig. 17 Film formation of mineral oil on different substrate 
under a load of 4 N, measured by Luo et al. [4, 20]. 
 
Fig. 18 Film thickness versus time of mineral oil on different 
substrates under a speed of 4.49 mm/s, a load of 7 N, measured 
by Luo et al. [4, 20]. 
the Fe coating, which was around 13 nm, and were 
thinner on the Al coating, with a thickness of 7 nm. 
Thus, it was concluded that, for mineral oil, higher 
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energy surfaces will result in thicker lubricating films 
in the TFL. 
5 Aroused studies and advances  
5.1 Advances of TFL studies under external electrical 
fields [52, 91−95] 
Due to the potential applications of confined films in 
both industrial and scientific fields, their properties 
and mechanisms external electric fields have caused 
extensive and great concern in the past few of decades. 
The behaviors of liquid trapped between solid surfaces 
in contact have also been investigated [96−99]. It  
has been reported that phase transitions, molecular 
structures and flow properties of liquids, such as water 
[96, 97] and ionic liquids [98, 99], in confinement can 
be easily observed under external electric fields.  
In the field of tribology, the failure of machinery 
and elements operating in electric fields is mostly 
due to electrical damage, which has called for a deep 
exploration of the underlying mechanisms, especially 
when the rubbing surfaces are in the TFL regime, as 
the film thickness is much lower than that in the EH 
regime. Since the TFL theory was proposed, many 
studies on the TFL regime under external electric field 
have been conducted. Their findings support the 
hypothesis that enhancement of the degree of molecular 
order will happen more easily in polar liquids 
[100−105].  
Liquid crystals are known as good lubricants  
with polar molecules. Luo et al. [91] studied the film 
formation performances of liquid crystals mixed with 
hexadecane in an external electric filed, on the set-up 
shown in Fig. 19 [91]. A thickened film with increasing 
applied voltage has been observed, as shown in 
Fig. 20(a) [91], which is much thicker than that predicted 
by the Hamrock-Dowson equation. A similar thickening 
process can be also be observed in polar hexadecanol, 
as shown in Fig. 20(b) [91], which can be attributed  
to the increased effective viscosity of liquid in the 
contact area near the solid surfaces. Such increases of 
the effective viscosity has been well explained by Luo 
et al. [91], who conclude that the electric field induces 
rearrangement of polar molecules. Thus, it can be 
indicated that there is a maximum applied voltage 
that enables the arrangement of molecules. Even if 
the applied voltage goes beyond this value, the film 
 
Fig. 19 The sketch of the experimental setup for TFL under external electrical field, developed by Xie et al. [91, 92]. Copyright 2004, 
AIP Publishing LLC. 
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thickness will no longer increase, because the molecules 
would have reached their maximum degree of 
re-arrangement [91]. Similar enhancement of film 
thickness, which suggests the formation of a strongly 
regular structure, has also been demonstrated by  
Xie et al. [92], who used another kind of polar liquid- 
ionic liquid. 
The film formation characteristics of straight-chain 
aliphatic liquids under external electric fields in TFL 
were also investigated by Xie et al. [93]. Based on their 
experimental results, the head group of molecules 
and the alkyl chain length have been found to be able 
to significantly affect the formation of interfacial 
ordered structures in external electric fields due to 
the dipole orientation. Further studies conducted by 
Xie et al. [94] demonstrated a “freezing” of lubricant 
in a nano gap in TFL regime [94], which can be 
observed for both polar liquids and nonpolar ones. 
The freezing process of n-hexadecane with a thickness 
of around 12 nm, as demonstrated in Fig. 21 [94], can 
be explained by the ordering alignment in the central 
contact region under the external electric field.  
Another new phenomenon, emergence of gas micro- 
bubbles, was found surrounding the contact area under 
the external electric field by Luo et al. [95, 106–108]. Luo 
and He [95] demonstrated the emerged micro-bubbles 
under an electric field by trapping glycerin, glycol, 
hexadecane and liquid paraffin in nano gaps that 
ranged from 4 nm to 10 nm under an electric voltage 
larger than 5 V. Gas micro-bubbles can be observed to 
first emerge at the edge of the central contact region 
and then escape from the contact rapidly, as shown  
 
Fig. 20 Effect of DC voltage on film thickness of (a) mixtures of LCs and hexadecane, load: 0.174 GPa, rolling speed: 68 mm/s;
(b) hexadecanol, load 4 N, which was reported by Xie et al. [91]. Copyright 2004, AIP Publishing LLC. 
 
Fig. 21 “Freezing” of liquid in a nano gap by using n-hexadecane under different dc voltages, observed by Xie et al. (a) 0 V, (b) 10 V,
(c) 20 V, (d) 30 V, (e) 40 V, (f) 50 V, (g) 60 V, (h) 70 V, (i) 80 V, (j) 90 V, (k) 98 V, and (l) 10 s after the removal of the EF [94]. 
Copyright 2010, American Chemical Society. 
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in Fig. 22 [95]. Based on their experimental results, a 
critical voltage has been defined, above which bubbles 
will emerge in an external electric field. With regard 
to different lubricants trapped between two surfaces 
(steel ball and silica-on-chromium coated glass disc), 
different critical voltages are obtained. Polar liquids 
(glycerin and glycol) produce many bubbles that are 
larger in size and which have a longer survival life, 
compared to nonpolar liquids (hexadecane and liquid 
paraffin). They attributed the formation of such bubbles 
to the liquid surface vibration.  
Subsequently, more experiments were conducted 
by Xie et al. [106−108] on the nano confined film in  
an external electric field to better understand the 
basic of the electric-filed-induced bubbles. By using 
polyethylene glycols (PEG) aqueous solutions and 
glycerin solutions as confined liquids, they were able 
to conclude that the critical voltage for the appearance 
of micro gas bubbles is strongly dependent on the 
viscosity of liquid and the surface tension [107].  
5.2 Advances of TFL studies in aqueous lubrication 
[52] 
Nowadays, one of research hotspots in the tribology 
field is aqueous lubrication, due to the growing energy 
crisis and environmental pollution. Great efforts have 
 
Fig. 22 Microbubbles in electrical field observed by Luo et al. 
by using different lubricants, (a) glycerin, 6 V; (b) glycol, 5 V;  
(c) hexadecane, 9 V; and (d) liquid paraffin, 7 V [95]. Copyright  
2008, Springer Science+Business Media, LLC. 
been made by tribologists from both industry and 
academia to reveal the mystery of aqueous lubrication. 
It has been recognized that water will exhibit totally 
different with common oil while acting as a lubricant, 
especially when trapped in a nano-gap, due to the 
polarity of the water molecules. In the past two decades, 
the presentation and development of TFL has strongly 
encouraged new techniques and scientific studies,  
as well as provided new perspectives to explore the 
properties and mechanism of aqueous lubrication. 
Thanks to these studies, better applications of aqueous 
lubrication can be expected.  
The film formation performances of surfactant 
solutions have been investigated by Ratoi and Spikes 
[109]. The amphiphilic molecular structure with 
hydrophilic heads and hydrophobic tails induces the 
alignment and aggregation of surfactant molecules 
on the solid surface. Thus, although the film forming 
characteristics of surfactant solutions were found to 
be related to the concentration, type and PH value of 
the surfactant solutions, thickened films deviating 
from the Hamrock-Dowson prediction can be always 
observed, as shown in Fig. 23 [109], which are con-
firmed to be located in the TFL regime and are caused 
by the adsorption and packing of mono- or bi-layers 
on the surfaces. The evidence of the adsorption and 
packing of surfactant molecules on surfaces has also 
been provided by Boschkova et al. [110−112], who used 
cation, amphiphile and gemini surfactants solutions 
as lubricants. By employing various approaches 
involving QCM (quartz crystal microbalance), SFA 
and AFM (atomic force microscope), Boschkova   
et al. were able to present the model of structured 
surfactant molecules in the nano-confined gap. They 
 
Fig. 23 Film formations of aqueous surfactant solutions presented 
by Ratoi and Spikes [109]. Copyright 1999, Taylor & Francis. 
294 Friction 4(4): 280–302 (2016) 
 
attributed the favorable film formation performance 
and pressure resistance capability to the formation 
of the neatly arranged mono- or multi- layers on 
solid surfaces. Liu [113] also reported that, due to the 
adsorption and molecular ordered structures on solid 
surfaces, the film formation of ionic surfactants solutions 
can be significantly increased beyond the prediction 
offered by the Hamrock-Dowson equation. 
Similar phenomena in the TFL regime have been 
found by using polymer aqueous solutions. Lee et al. 
demonstrated a good film formation ability of 
poly(L-lysine)-gpoly (ethylene glycol) solutions [114] 
in metal-oxide-based tribo-systems, with an enhanced 
film thickness in TFL regime. Plaza et al. [115] 
demonstrated excellent tribological performance by 
using polyethoxyglycol esters of dithiphosphate acid 
derivatives aqueous solutions.  
Aqueous emulsions have been widely used as 
lubricants in manufacturing applications. Inspired  
by the TFL theory, Ma et al. [116−122] attempted to 
investigate the film formation capabilities of aqueous 
emulsions with extremely low oil concentrations. They 
succeeded in getting notably thick lubricating films 
even when using ultra-low oil concentrations down 
to 0.005 vol% [119] between the steel ball and the 
coated glass disc, which is dramatically comparable 
to the film thickness of 100% pure oil at low speeds, 
as shown in Fig. 24 [119]. Even more noteworthy is 
that at higher speed (above around 0.2 m/s), where 
emulsions with normal concentration will always 
encounter film thickness collapse, the emulsions with  
 
Fig. 24 Film formation of aqueous emulsions with oil con-
centrations measured by Ma et al. [119]. Copyright 2009, 
Elsevier B.V. 
ultra-low oil concentrations exhibit tenacious thick 
lubricating films of around 100 nm. To explain this 
favorable phenomenon, Ma et al. [120] proposed the 
re-emulsification and oil pool theories based on both 
experimental and theoretical studies. They conducted 
experiments to directly observe the micro contact 
area [122], and found that an oily pool will be formed 
around the contact region, as demonstrated in Fig. 25 
[122], and thin oil film wetting will be observed on the 
surfaces of the contact region. They suggested that 
such excellent film formation abilities of emulsions 
with ultra-low oil concentrations can be attributed  
to the tenacious wetting oil nanolayer on the solid 
surfaces. 
5.3 Advances of TFL studies in liquid superlubricity 
[52, 125] 
Attempts to effectively reduce friction can be retrospect 
to antiquity. Superlubricity has been always a great 
concern, since it was proposed by Hirano and Shinjo 
 
Fig. 25 Observation on the aqueous emulsion under a rolling 
speed of 0.005 m/s, achieved by Ma et al. (a) Trajectories of oil 
droplets; (b) two kind to typical droplets [122]. Copyright 2012, 
AIP Publishing LLC. 
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[123, 124] around 26 years ago. People have succeeded 
in obtaining superlubricity in both solid and liquid 
tribosystems. In the past two decades, many liquids 
have been found to have superlubricity abilities; 
however, the mechanism that achieves superlubricity 
is still too dubious for industry applications. Studies on 
revealing the underlying mechanism have attracted 
more candidates for liquid superlubricity, especially 
on the lubrication states in both the boundary and TFL 
regimes. 
Superlubricity liquids have been found to mainly 
focus on three kinds of materials [125]. Water on 
ceramic materials was often reported to behave as a 
superlubricity tribosystem [126−130]. Kato and Adachi’s 
group finally owed to the formation of the silica layers 
induced by the running-in process, as well as the 
hydrodynamic lubrication induced by the significant 
pressure decline [125, 130]. 
Polymer solutions have been confirmed to be able 
to provide excellent lubrication between rubbing 
surfaces in TFL or boundary regimes. Friction coefficients 
lower than 0.0006 have been obtained by Klein’s group 
[131−133], using charged polymer solutions trapped 
between two mica surfaces, in a gap of a few tens of 
nanometers. It has been indicated that such low friction 
is caused by the resistance to mutual interpenetration 
of the attached polymer brushes [131, 132]. Kenausis 
et al. [134] conducted similar experiments to access 
superlubricity by using poly-lysine (PLL) molecules 
grafted by polyethylene glycol (PEG) in aqueous 
solutions, which are firmly attached to the underlying 
substrates. A friction coefficient less than 10−4 was 
successfully obtained.  
Other substances with superlubricity characteristics 
in the TFL regime are small molecular solutions-acid 
solutions and alcoholic solutions, or their mixtures, 
for instance, which have been discovered by Luo et al. 
[135−138]. A solution of phosphoric acid was found 
to be unique, providing an extremely low friction 
coefficient that was less than 0.004 by Li et al. [135], Ma 
et al. [136] and Li et al. [137, 138], who achieved super-
lubricity with alcohols and acids solutions successively. 
They suggested that the superlubricity of acid and 
glycerol solutions resulted from a shear-induced 
hydrogen network structure in a nano-gap, as shown 
in Fig. 26 [137], which can sustain a high pressure even 
up to 1.6 GPa. Based on this concept, they succeeded 
in getting superlubricity by mixing polyhydroxy 
alcohols and acid solutions [138]. Superlubricity 
achieved with such mixtures was found to be depen-
dent on both the concentration of polyhydroxy 
alcohol and the number of hydroxyl groups, but not 
the number of carbon atoms and the arrangement of 
hydroxyl groups. Furthermore, superlubricity was also 
achieved with polysaccharide mucilage extracted 
from brasenia schreberi by Li et al. [139]. It has been 
indicated that the ultra-low friction resulted from the 
formation of hydration layers between the polymer 
nano-sheets in the polysaccharide gel, as shown in 
Fig. 27 [139]. They attribute the mechanism of liquid 
superlubricity to mechanical effects and chemical 
effects.  
 
Fig. 26 Superlubricity achieved with mixtures of acids and glycerol reported by Li et al. [135]. Copyright 2013, American Chemical
Society. 
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5.4 Advances of TFL studies at molecular level 
One of the main ideas of the TFL theory is surface 
and friction-induced molecular ordering and packing, 
which has been calling for direct experimental evidence 
in the past two decades since TFL was proposed. 
Techniques facilitating the direct measurement of 
molecular orientation and arrangement of molecules 
in the nano-lubrication film will shed new light on 
revealing the underlying mechanism of TFL.  
During the TFL lubrication process, lubricant 
molecules in each layer align in various patterns. 
This result revealed a new approach for investigating 
lubricants at the molecular level. Gao et al. [140, 141] 
used in-situ Raman spectra to explore the molecular 
structure and orientation of lubricant molecules in TFL 
regime by trapping different liquid crystals between 
two solid surfaces. Nematic liquid crystals (5CB, 6CB,  
 
Fig. 27 Molecular structure of polysaccharide extracted from the B.S sample reported by Li et al. [137]. Copyright 2012, American
Chemical Society. 
Fig. 28 Molecular orientation in a nano gap measured by Gao and Ma et al.[140]. (a) Anisotropy for 5CB molecules in the inlet region,
(a-1) to (a-3) represent the relative value of Raman intensity at different θ recorder at position (0, 100) under speed of 5 mm/s, 25 m/s 
and 180 mm/s. (b) and (c) for 6CB and 7CB, respectively [140]. Copyright 2016, Springer Science+Business Media. 
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and 7CB) from the CB family with different lengths of 
molecular side chains were utilized. As demonstrated 
in Fig. 28 [140], the liquid crystal molecules are aligned 
along the rolling direction in the inlet region. The 
radar curve represents the alignment anisotropy. It can 
be noticed that the alignment anisotropy obviously 
increases with speed, while the radar curve changes 
from a fat ellipse to a rod-like one. One can also 
observe that the anisotropy decreases with increasing 
carbon numbers in the flexible alkyl chain region.   
It has been indicated that both shearing velocity and 
the alkyl chain length will affect the orientation of 
liquid crystal molecules confined in a nanoscale gap. 
6 Summary and conclusions 
A remarkable mode of lubrication was revealed two 
decades ago, termed thin film lubrication (TFL), in 
which the lubricant film consists of an absorbed film, 
an ordered film, and a fluid film. TFL has become a 
great concern in the past twenty years, and attracted 
the interest of not only tribologists, but also physicists 
and chemists. In this paper, after a brief review of the 
history of TFL, as well as a presentation of pertinent 
theories and models, we have summarized facilities 
and approaches allowing the study of TFL, and on 
which TFL has been able to rapidly develop. All the 
potential techniques have the capability to detect tiny 
changes at nanometer or sub nanometer scale. With 
the advanced technologies and instruments, the location 
of lubrication films in TFL has been shown to be 
dependent on surface speed, but the dependence 
deviates from the predictions of the classical theory 
of EHL. In this lubrication regime, hydrodynamic 
flow still exists, but the physical and chemical effect 
of lubricant molecules comes into play. In this paper, 
we have reviewed studies about the basic properties 
of TFL, as well as the main factors that influence it. 
The extensive and comprehensive studies reviewed in 
this paper have been demonstrated to complete the 
theory of TFL. Furthermore, to meet the requirement 
of deeply investigating the lubrication mechanism of 
TFL, innovative explorations and studies on the TFL 
have been discussed, providing new perspectives for 
the development and applications of TFL. 
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